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Previewsto kinetic and thermodynamic observ-
ables is made to assess correctness.
Recently, Elber and West (2010) com-
puted the kinetics of the recovery stroke
in myosin in atomic details with mileston-
ing. Milestoning partitions the space to
compartments and computes local transi-
tion times between them. The local transi-
tions times are combined to obtain the
overall time scale of the process. The
calculated millisecond time scale is in
accord with experiment.
It is probably safe to say that we are
reaching an almost quantitative under-
standing of the recovery stroke, while
the power stroke investigated in Cecchini416 Structure 18, April 14, 2010 ª2010 Elsevet al. (2010) and Tehver and Thirumalai
(2010) still presents nontrivial challenges.
The two articles in this issue address crit-
ical windows of the process: one window
of the release of the phosphate group,
and another window of the detachment
of myosin from actin. They make concrete
predictions that can be tested experimen-
tally. Such tests are crucial for further
advancement in theory, modeling, and
our overall understanding of the process.REFERENCES
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In this issue, Mittag et al. (2010) provided interesting insights concerning the molecular details of how
the meandering of disordered proteins in conformational space can lead to collective binding modes and
ultrasensitive probing of cellular kinase activities.Until recently, proteins were considered
nature’s robots, mostly static and struc-
tured, performing both unique chemical
transformations or specifically interacting
with their cognate binding partners
under environmental conditions suitable
for living organisms. The common under-
standing is that these functionalities rely
on the existence of stably folded protein
scaffolds. This structure-function para-
digm however, has been recently ques-
tioned, and it is now acknowledged that
an increasing number of proteins lack
stably folded tertiary structures (Dyson
and Wright, 2005) and that this intrinsic
flexibility has significant impact on biolog-
ical function. The preponderance of intrin-
sically unstructured proteins in higher
organisms points to their evolutionary
relevance and association with intricate
protein networks in fundamental regula-tory processes. The binding of disordered
proteins is typically accompanied by
significant changes in the structure and
dynamics of the polypeptide chains, i.e.,
folding upon binding, following either an
induced fit or conformational selection
process, although recent experimental
findings support a more elaborate model
for molecular recognition events (Boehr
et al., 2009). In this new molecular recog-
nition paradigm, the interaction event
proceeds along a well-defined reaction
pathway. As an initial step, conforma-
tional selection leads to the formation of
a first encounter complex followed by
the optimization of side-chain and back-
bone interactions. The emerging picture
is that proteins may have evolved to
substantially increase the diversity of their
conformational ensembles and allow for
fast intrinsic fluctuations that enable effi-cient sampling of the relevant conforma-
tional space. Interaction with binding
partners leads to a population shift in the
conformational ensemble and the ulti-
mate selection of the ‘‘bound’’ conforma-
tion that is complementary to the interac-
tion partner.
Intriguingly, a recent report describes
an unexpected but very illustrative exam-
ple of a disordered protein complex
in which molecular recognition is not
accompanied by folding. The article by
Mittag et al. (2010) presents an elegant
study of the dynamic complex between
the intrinsically disordered Sic1 and the
Cdc4 subunit of an SCF ubiquitin ligase.
Combining complementary biophysical
data from small-angle X-ray scattering
(SAXS) and sophisticated nuclear mag-
netic resonance (NMR) spectroscopy,
they could provide a detailed physical
Structure
Previewspicture of a disordered protein both in its
free and bound states. The diversity of
conformational substates of the disor-
dered Sic1 protein was approximated
using a computational approach that pro-
vided the simplest ensemble representa-
tions consistent with the experimental
data. The interesting finding was that a
surprisingly small number of conformers
are sufficient to adequately describe
the conformational ensemble. The indi-
vidual transiently formed structures in
the ensemble were largely different, rang-
ing from entropically favored extended
chains to compact structures of mini-
mal enthalpy stabilized by favorable
side-chain interactions. Phosphorylation,
which was shown to be required for
binding to Cdc4, did not significantly alter
the overall appearance or the number
of conformers of the dynamic structural
ensemble of Sic1. Most importantly, how-
ever, the authors showed that formation
of the Sic1-Cdc4 complex does not
trigger Sic1 folding and thus proposed
a binding model in which the transient
nature of the Sic1 structural ensemble is
largely retained in the bound state. This
finding provides an elegant framework
for the interpretation of the interaction
mechanism. First, the existence of and
the rapid exchange between the compact
structures in the highly flexible structural
ensemble of Sic1 create a mean electro-
static field and provide facilitated access
to many (phosphorylated) interaction
sites. Second, in this polyelectrostatic
interaction pattern, several Sic1 binding
sites simultaneously contribute to the
electrostatic attraction across the interac-
tion interface, explaining the ultra-sensi-
tivity and nonlinear dependence between
number of phosphorylated sites and
binding affinity in the Sic1-Cdc4 system
by cumulative electrostatics (Borg et al.,
2007). Finally, the flexibility of Sic1 in the
bound state provides a convincing expla-
nation as to why individual Sic1 molecules
can bridge the intraprotomer gap and
multiple lysine residues can be efficiently
ubiquitinated, presumably exploiting allo-
steric control mechanisms. It is important
to realize that the functional relevance of
Sic1’s conformational ensemble is not to
provide a ‘‘permissive’’ reservoir of states
from which the binding partner Cdc4
actively selects the optimal substate(s),
but to establish collective properties
based on the accessibility of the entireensemble. The collective nature of the
described binding mode differs from the
conventional notion that disordered pro-
tein complexes can be ‘‘polymorphic’’
(several distinct binding conformations),
‘‘clamp-like’’ (distinct binding epitopes
connected by a disordered linker), or
‘‘fuzzy’’ (flanking regions remain disor-
dered) (Tompa and Fuxreiter, 2008). The
dynamic Sic1-Cdc4 protein complex is
thus best described as ‘‘rheomorphic’’
(e.g., flowing shape) (Holt and Sawyer,
1993). The highly tuned balance between
chain flexibility and stiffness, as well as
local compaction and transient long-
range contacts, assures an optimal
mean electrostatic field with a nonlinear
dependence of the binding affinity to
Cdc4 on Sic1’s phosphorylation state.
The cooperative character of the interac-
tion free energy results from the highly
tuned enthalpy-entropy compensation
and allows Sic1 to efficiently and sensi-
tively probe the cellular activity of G1
CDK.
The detailed insight into the molecular
details of the dynamic Sic1-Cdc4 protein
complex also calls for a reassessment of
the binary description scheme proposed
for intrinsically disordered proteins that
lack stable tertiary structures. It is impor-
tant to note that stably folded proteins
are far from being static in solution. Signif-
icant excursions from the most populated
ground state occur and the accessibility
of excited states is of great relevance to
enzymatic activities (Baldwin and Kay,
2009). Although the structural ensembles
of disordered proteins contain large ‘‘sub-
ensembles’’ of extended conformations
with few structural contacts and conse-
quently high entropy, a significant number
of compact structures exist stabilized by
distinct long-range interactions (Mittag
et al., 2010). The fundamental differences
between ordered and disordered pro-
teins are in the geometry of the energy
landscape and the different distributions
of thermally accessible substates. The
popular dichotomic partitioning of pro-
teins into ordered and disordered speci-
mens thus does not seem to appropri-
ately grasp the dynamic conformational
ensembles of fluctuating biological poly-
peptides. In order to overcome this
binary order-disorder conceptual frame-
work, the metastructure approach was
introduced (Konrat, 2009). In contrast
to existing bioinformatics approaches,Structure 18, April 14, 2010this approach provides quantitative per
residue information about compactness
and local secondary structure that can
be used to analyze structural features of
‘‘ordered’’ and ‘‘disordered’’ proteins
based on primary sequence information
exclusively. Figure 1 illustrates the con-
formational bias in protein folding funnels
of ordered (Figures 1A and 1B) and
disordered proteins (Figures 1C and 1D).
The contact maps of the ‘‘disordered’’
proteins Sic1 and osteopontin (OPN), a
cell attachment protein implicated in
tumorigenesis, were calculated based
on metastructural similarities to stably
folded proteins taken from the PDB.
Although Sic1 (Mittag et al., 2010) and
OPN (unpublished data) appear as largely
disordered, they display distinct frac-
tional residue contacts that are in good
agreement with experimentally observed
transient structural elements. Interest-
ingly, for both disordered proteins, local
compactions of the polypeptide chains
are found in regions housing the interac-
tion sites to their binding partners.
What are the benefits of being disor-
dered? Why do some proteins lack a
stable tertiary structure? An appealing
answer to these important questions may
come from Theodosius Dobzhansky’s
quote (in The American Biology Teacher):
‘‘Nothing in biology makes sense except
in the light of evolution.’’ The observed
structural heterogeneity of the conforma-
tional ensembles of ‘‘disordered’’ proteins
endows them with substantial adapt-
ability (Boehr et al., 2009), and evolu-
tionary selection can then act on this
pre-existing ensembles (phenotypes).
Abandoning the dichotomic classification
scheme for proteins allows another
view on the evolutionary ramifications of
protein architecture. To overcome our
‘‘profound ignorance of the laws of
variation,’’ Gerhart and Kirschner (2007)
proposed the theory of facilitated varia-
tion. They explained that the genera-
tion of phenotypic variation appears
through regulatory changes as a con-
sequence of new combinations of
core processes, fundamental functional
modules of increasing complexity (from
biochemical transformations to cell bio-
logical and developmental components).
Necessary prerequisites for these core
processes being evolutionary important
are modularity, robustness, adaptability,
capacity to engage in weak regulatoryª2010 Elsevier Ltd All rights reserved 417
Figure 1. Comparison of the Conformational Bias of Ordered and Disordered Proteins
Mittag et al. (2010) explore the conformational features of the intrinsically disordered protein Sic1. Although Sic1 and osteopontin appear to be largely unfolded in
solution, a significant number of compact structures exist in their conformational ensembles. Contact maps for ordered and disordered proteins (A and B) were
calculated by X-ray data (A:1QU5; B:1ZM8) or from meta-structure calculations (C:Sic1; D:osteopontin) (Konrat, 2009).
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Previewslinkage, and exploratory behavior (Ger-
hart and Kirschner, 2007). Here I would
like to stress the point that proteins are
major substrates of evolutionary forces
because of their behavioral similarities to
core processes: modularity can be easily
seen in the hierarchical architecture of
protein folds (secondary structure ele-
ments, local super-secondary structural
motifs, structural domains), robustness
and adaptability are reflected in the better
conservation of structure and function
compared to primary sequence, and the
functional variability of protein folds. The
smaller structural compactness of disor-
dered proteins leads to larger mutational
tolerance and higher adaptability (Stein
et al., 2009). Weak regulatory linkages
exist in allosteric regulations and tuneable
protein interactions. Finally, of particular
interest and relevance is the concept of418 Structure 18, April 14, 2010 ª2010 Elsevexploratory behavior, a search-and-find
strategy characterized by a variation and
selection step. In the variation step, the
system generates an enormous number
of states that are ultimately selected by
external components. ‘‘Disordered’’ pro-
teins, which appeared late in evolution,
are predestined to efficiently exploit
their inherent flexibilities for exploratory
behavior. Although their accessible con-
formational space is vast compared to
stably folded proteins, structural prefor-
mation and conformational bias signifi-
cantly reduce the energetic cost in the
variation step.
The article by Mittag et al. (2010)
convincingly demonstrates that even in
seemingly random coil-like disordered
protein complexes, there is a hidden
structural simplicity that needs to be
addressed by both information-richier Ltd All rights reservedexperimental techniques and appropri-
ate theoretical concepts that grasp the
essential properties of the underlying
core components. Retracing the mean-
ders of ‘‘disordered’’ proteins in con-
formational space and identifying the
underlying molecular principles will be a
rewarding challenge. Borrowing ideas
from evolutionary biology might be valu-
able in this quest and help to shed light
on the chemistry of conserved core pro-
cesses that are responsible for the gener-
ation of the overwhelming phenotypic
variation and the enormous diversity
seen in the tree of life.REFERENCES
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The activation of ubiquitin and ubiquin-like proteins is catalyzed by E1 enzymes via consecutive adenylation
and thioesterification reactions involving two apparently distant active sites. Olsen et al. (2010) uncover
dramatic conformational changes in the SUMO E1 that spatially merge the adenylation and thioesterification
active sites, including a > 30 A˚ movement of the active site cysteine.Ubiquitination involves the attachment of
the 76-residue protein ubiquitin (Ub) to
target proteins and is one of the most
common posttranslational protein modifi-
cations in eukaryotes. This reaction is
catalyzed by a three-step enzyme cas-
cade, consisting of ubiquitin-activating
(E1), ubiquitin-conjugating (E2), and ubiq-
uitin ligase (E3) enzymes (Hershko and
Ciechanover, 1998). Analogous activation
cascades also apply to ubiquitin-like (Ubl)
protein modifiers, which include SUMO
as a prominent member. Ubl protein modi-
fiers display considerable sequence vari-
ability compared with ubiquitin and do
not target their substrates directly for pro-
teasome-mediated proteolysis; instead,
SUMOylation is involved in various cellular
processes, such as DNA repair, signal
transduction, transcription regulation, and
cell cycle control (Johnson, 2004).
The crystal structures of the SUMO,
Nedd8, and ubiquitin E1s all feature a
common multidomain architecture that
includes an active and an inactive adeny-
lation domain responsible for the binding
of Ub/Ubl together with Mg2+$ATP, a
conserved catalytic Cys domain including
the active site cysteine, and a C-terminal
ubiquitin fold domain that recruits cognateE2s for thioester transfer (Huang et al.,
2007; Lee and Schindelin, 2008; Lois and
Lima, 2005). In case of the ubiquitin E1,
all domains are integrated into a single
polypeptide chain, while the SUMO E1 is
a heterodimer composed of the SAE1
and UBA2 subunits. The activation cata-
lyzed by each E1 is a two-step reaction.
Initially, Mg2+$ATP is used to adenylate
the C-terminal Ub/Ubl glycine residue,
coupled to the release of pyrophosphate;
subsequently, the Ub/Ubl adenylate is
attacked by the E1 catalytic cysteine,
resulting in a thioester bond between the
C-terminal Ub/Ubl glycine and E1 active
site cysteine, and the release of AMP. In
all E1 structures, the ATP binding site
and catalytic cysteine are separated by
more than 30 A˚, and it remained
enigmatic how the acyladenylate and
active site cysteine could be brought into
close spatial proximity to allow nucleo-
philic attack by the cysteine sulfur on the
carbonyl carbon of the adenylated Ub/
Ubl C-terminal glycine.
To elucidate the conformational
changes accompanying the SUMO-E1
catalyzed reaction, Olsen et al. (2010)
synthesized Cys-Gly-Gly 50-(sulfamoyla-
minodeoxy)adenosine (CGG-AMSN) andCys-Gly-Gly 50-(vinylsulfonylaminodeoxy)
adenosine (CGG-AVSN) tripeptides that
mimic the adenylation- and thioester-
bound conformations, respectively. Each
compound was fused by intein-mediated
ligation to C-terminally truncated SUMO
(without the CGG-tripeptide), and the
resulting variants were cocrystallized
with the SUMO-E1. Whereas the crystal
structure of E1/SUMO-AMSN (Figure 1A)
shows the same overall structure as
SUMO E1 bound to SUMO and Mg2+$ATP
(Lois and Lima, 2005), the crystal
structure of E1/SUMO-AVSN (Figure 1B)
exhibits drastic and functionally relevant
differences. The fundamental alteration
between the ‘‘open’’ (E1/SUMO-AMSN)
and ‘‘closed’’ (E1/SUMO-AVSN) states
that trigger thioester bond formation
is the complete unfolding of a helix 6 in
UBA2 containing the active site cysteine
(Cys173). Due to a 130 rotation of the
catalytic Cys domain, the catalytic cys-
teine is positioned directly adjacent
to the SUMO adenylate (Figure 1B) in
the closed conformation, thus bridging
the large separation between the two
active sites inherent in previous E1 struc-
tures, which all represent the open
conformation.ª2010 Elsevier Ltd All rights reserved 419
